A vital factor in the design of the Superconducting Super Collider (SSC) is the estimation of random mnagnet-to-magnet field aberrations resulting from random manufacturing dimensional errors. These aberrations will affect the paths of the circulating particles, which in turn will determine whether the proposed magnet designs will function adequately. The estimation of these field aberrations was the primary purpose of this study.
Manufacturing errors were estimated for the Fermilab Tevatron magnets and the BNL CBA magnets. The estimates were then adjusted so that the calculated field aberrations matched the measured values. Those errors were then applied to the SSC magnet reference designs currently under study in order to obtain estimated field aberrations.
The Problem CONDUCTORS
A vital factor in the design of the Superconducting Super Collider (SSC) is the estimation of random mnagnet-to-magnet field aberrations resulting from random manufacturing dimensional errors. These aberrations will affect the paths of the circulating particles, which in turn will determine whether the proposed magnet designs will function adequately. The estimation of these field aberrations was the primary purpose of this study.
The Approach to a Solution
The approach used in this study was to: identify a set of mechanical error modes that are directly associated with manufacturing tolerances and measurable dimensions of components; calculate the field aberrations resulting from unit manfacturing error for each mode; estimate the magnitude of the error for each error mode; and finally, fold the latter two together into an estimate of expected field aberrations.
Two large groups of magnets have been constructed: those for the Colliding Beam Accelerator (CBA) and the Tevatron. While few dimensional error data are readily available, extensive field aberration data are at hand, and so this approach was made using the data from those magnets. It was assumed that the errors for the SSC designs would be similar but scaled according to the size of the magnet cross sections.
The Maqnets
The cross section of a typical magnet is shown in Fig. I . The primary dimensions of the magnets under consideration are listed in Table 1 together with ratios of some of the dimensions. The ratios illustrate that the magnets are by no means geometrically similar, and so the various manufacturing errors affect the field aberrations for each magnet design differently. Most of the error modes can be expressed in terms of movements of one or more of the boundaries of the conductors in the two coil layers in the various quadrants. For the purpose of this study, the cross section of each of the two layers of the magnet coil was represented by a region bounded by circular arcs and radial lines in which the current density varies inversely with radius. This representation admits to a simple mathematical description of the magnetic field and its partial derivatives with respect to boundary positions. An additional mode, the turn-to-turn variation in conductor azimuthal width, was considered.
Manufacturing Error Modes
It was assumed that the field aberrations are dominated by errors in magnet cross section, and that the effects of variations of the shapes of the ends are small. Many possible error modes were considered, and of those 31 were retained. Some of these --those for which the errors could reasonably be expected to be the same --were combined, yielding 22 groups of modes with one or two modes in each group. For example, the thicknesss variations of the inner and outer coils could be expected to be the same, arid so their effects were combined. Finally, 10 mode groups, considered to be the most significant, and sufficient for this study, and for later establishing magnet manufacturing tolerances, were retained. These error mode groups are described in Table 2 and illustrated schematically in Fig. 2 . 9. Thickness of coil-to-iron insulation varies, any one quadrant. Four occurrences.
10. Azimuthal thickness of conductor varies from turn to turn.
The number of "occurrences" in Table 2 deserves explanation.
If an error affects each quadrant independently, for example, then we say there are four occurrences. The multipoles (see next paragraph) produced by an error in any quadrant is the same except for sign, and so the rms multipoles for all four quadrants are simply twice those for the first quadrant.
Magnetic Field Representation
The magnetic field aberrations are expressed in terms of the usual dimensionless "multipole coefficients", or simply "multipoles", which are the a's ("skew" components) and b's ("normal" components) The sensitivies of the multipoles to unit error for each error mode group have been expressed in the form of tables and both linear and semi-log graphs. They require far more space than this report will allow, but will be presented in a more complete report.
Manufacturing Errors
Some manufacturing errors for the CBA magnets were measured and others estimated by Peter Wanderer (BNL). The estimated errors were adjusted by a trial-and-error procedure to minimize the rms difference .Ii. XBL 8iS-2379 between the measured and calculated multipoles. The normal dipole field variation was ignored in this procedure as it was felt that a mnajor part of it resulted from variation in coil length. A reference radius of about 0.9 of the coil inside radius was used, instead of the usual 2/3, in order to emphasize the higher-order multipoles.
A similar procedure was applied to the Tevatron magnets, except that the measured errors were permitted to vary also. The resulting manufacturing errors are presented in Table 3 , and the corresponding field aberrations in Table   4 . UJsing this procedure, one can obtain rather different sets of rnanufacturing errors that give calculated field aberrations that agree about equally well with the measured ones. When these errors are applied to the CBA designs, however, the resulting field aberrations are about the same. It must be emphasized that the listed errors are not necessarily the ones that exist, but are merely ones that could exist. They certainly are not to be interpreted as tolerances; that's a whole 'nuther ball game.
Application of Errors to SSC Magnets
Feeling that the manufacturing errors for the SSC magnets can and should be smaller because the magnets are smaller, we scaled the errors according to coil radius to the 0.3 power --giving about a 20% reduction in errors for a coil half the size --and used a radius to a point 1/5 of the coil thickness out from the inner radius.
The scaling factors, easily reproduced using the data levatron in The resulting field errors for each of the three SSC designs were then calculated using the errors for the CBA and Tevatron. Some of the calculated multipoles resulting from the matching procedure were smaller than the measured ones; for the SSC magnets, a factor representing the ratio of measured to calculated values was applied to those multipoles.
For each of the three SSC magnet designs we then had two rather different sets of estimated multipoles, one from the CBA and the other from the Tevatron magnets. Rather than average the results in some fashion, we conservatively adopted the larger value of each multipole. The results are shown in Table 5 . 
